Aims Legume nitrogen is derived from two different sources, symbiotically fixed atmospheric N 2 and soil N. The effect of genetic variability of root and nodule establishment on N acquisition and seed protein yield was investigated under field conditions in pea (Pisum sativum). In addition, these parameters were related to the variability in preference for rhizobial genotypes. † Methods Five different spring pea lines (two hypernodulating mutants and three cultivars), previously identified in artificial conditions as contrasted for both root and nodule development, were characterized under field conditions. Root and nodule establishment was examined from the four-leaf stage up to the beginning of seed filling and was related to the patterns of shoot dry matter and nitrogen accumulation. The genetic structure of rhizobial populations associated with the pea lines was obtained by analysis of nodule samples. The fraction of nitrogen derived from symbiotic fixation was estimated at the beginning of seed filling and at physiological maturity, when seed protein content and yield were determined. † Key Results The hypernodulating mutants established nodules earlier and maintained them longer than was the case for the three cultivars, whereas their root development and nitrogen accumulation were lower. The seed protein yield was higher in 'Athos' and 'Austin', the two cultivars with increased root development, consistent with their higher N absorption during seed filling. † Conclusion The hypernodulating mutants did not accumulate more nitrogen, probably due to the C cost for nodulation being higher than for root development. Enhancing exogenous nitrogen supply at the end of the growth cycle, by increasing the potential for root N uptake from soil, seems a good option for improving pea seed filling.
INTRODUCTION
In Western Europe, Pea (Pisum sativum) seeds constitute an alternative to soybean as a protein-rich feedstock. However, seed yields and protein contents are highly variable, largely because of biotic and environmental stresses. Nitrogen nutrition is one of the key processes involved in determining yield (Sagan et al., 1993) . As for other legumes, in pea nitrogen nutrition relies in part on mineral nitrogen absorption by roots and mostly on symbiotic fixation of atmospheric nitrogen occurring in nodules. Nitrogen-fixing activity varies during the pea growth cycle, increasing during the vegetative phase up to flowering, concomitant with the development of nodules, which represent the largest carbon sink for the plant (Voisin et al., 2003b) . Conversely, at the end of the growth cycle, filling seeds become the largest carbon sink (Jeuffroy and Warembourg, 1991) at the expense of roots and, in particular, nodules. Thus, both symbiotic fixation and mineral N root absorption decline during seed filling (Jensen, 1987; Voisin et al., 2003a) . Seed growth is consequently dependent on N remobilization from vegetative tissues (Pate and Flinn, 1973; Jensen, 1987; Schiltz et al., 2005) . This affects photosynthesis and eventually curtails the seedfilling period because it induces senescence of the aerial parts (Sinclair and de Wit, 1975) . Therefore, it would be desirable to increase the exogenous nitrogen supply at the end of the growth cycle, to reduce or delay N remobilization and improve pea seed filling (Salon et al., 2001) .
One strategy to enhance exogenous nitrogen supply late during the growth cycle could be to select pea lines with a prolonged period of nodule development, and thus symbiotic N 2 fixation, during seed filling. In grain legumes, the presence of existing nodules inhibits nodulation on younger root tissues, a phenomenon termed autoregulation of nodulation (Caetano-Anolles and Gresshoff, 1991) . Mutagenesis experiments have confirmed the host's control of nodulation (Engvild, 1987; Duc and Messager, 1989; Caetano-Anolles and Gresshoff, 1991) . Hypernodulating mutants are potential candidates for enhancing N 2 fixation through an increase in nodule number: they are defective in the autoregulation of nodulation (Sagan and Gresshoff, 1996) . Three different genes have been shown to control nodule number in pea: NOD3 (Postma et al., 1988) , SYM28 and SYM29 (Sagan and Duc, 1996) . Roots are the principal source of the systemic signal contributing to hypernodulation phenotype in nod3 mutant lines (Postma et al., 1988) , whereas the hypernodulation phenotype of sym28 and sym29 mutants is under shoot control (Sagan and Duc, 1996) . However, various sym28 and sym29 hypernodulating mutants did not accumulate more N than the wild-type, and accumulated less dry matter in the aerial parts (Sagan et al., 1993; Salon et al., 2001) . New nod3 or sym29 mutant pea lines have been recently selected (Krusell et al., 2002) , in which the high-level consumption of assimilates triggered by symbiosis is less detrimental to shoot biomass accumulation than in the previous mutants studied.
Studying the plant genotype Â rhizobial strain combination represents another way of improving nitrogen fixation. Significant effects of rhizobial strain and of strain Â pea cultivar interactions on nodule and shoot biomass or N acquisition have been reported (Skot, 1983; Fezenko et al., 1995; Martensson and Rydberg, 1996) . Moreover, a Rhizobium strain variant was found to extend the meristematic activity of nodules, increasing nodule dry matter and branching in pea (Sagan and Gresshoff, 1996) .
Another strategy to improve late exogenous nitrogen acquisition could be selection of pea lines with increased root development, thus enhancing soil mineral N uptake during seed filling. More developed root systems should also improve water uptake under drought conditions, which are frequently encountered in late spring and affect N fixation in particular. Despite the vital role of roots for both water and nutrient uptake and tolerance to root diseases, very few experiments have been performed to investigate the genetic variation in root establishment of pea. Most of the available data result from experiments conducted under controlled conditions on young seedlings (Ali-Khan and Snoad, 1977; McPhee, 2005) . Although Veitenheimer and Gritton (1984) observed similar relative differences in root dry weight at flowering, for four pea lines studied either in the field or in the greenhouse, they pointed out that both growth stage and culture medium had significant effects on ranking for root traits. Because root number can increase during the reproductive phase (Thorup-Kristensen, 1998; Voisin et al., 2002) , additional studies at different stages of plant growth would be advisable for selecting pea lines with improved root development.
The aims of the present study were: (1) to investigate under field conditions how root and nodule genetic variability previously identified in artificial conditions may influence N acquisition throughout the growth cycle; (2) to understand whether differences in seed protein yield among pea genotypes were related to differences in nitrogen and carbon acquisition; and (3) to investigate whether variability for developmental responses and N acquisition was associated with variability in preference for rhizobial genotypes.
MATERIALS AND METHODS

Plant material
Five lines of pea Pisum sativum L. were selected from previous greenhouse experiments on the basis of either contrasting nodulation ability or variation in root development.
P118 and P121 are mutants of the leafy cultivar 'Frisson' (registered in 1979 in the French variety catalogue) derived from ethyl methane sulfonate mutagenesis. They were both selected for their hypernodulation character and the maintenance of shoot dry matter production, as compared with their isogenic parent line. P118 and P121 are mutants of the SYM29 and NOD3 genes, respectively. Because there is no mutant for root development available in the 'Frisson' genetic background, two pea cultivars were chosen, 'Athos' and 'Austin', having higher root biomass than 'Frisson' but similar aerial development rate and date of beginning of flowering in greenhouse tests. 'Athos' and 'Austin' are recent afila spring pea cultivars widely cultivated in France. ) were non-limiting for the crops. The size of indigenous Rhizobium leguminosarum bv. viciae populations was estimated by plant tests following the method of the most probable numbers (MPN) as previously described (Louvrier et al., 1995) . The MPN of rhizobia were in the range 10 3 -10 5 g 21 soil in the 0 -30-cm layer (three replicate soil samples analysed), which was considered to be non-limiting for nodulation (Ballard et al., 2004) . Weeds, pests and diseases were well controlled by adequate pesticides used in conventional agricultural practices. Irrigation was provided at the beginning and end of flowering to avoid any drought stress.
Field experimental design
The field was subdivided into two neighbouring blocks. Within each block, the five pea genotypes were sown on 12 March, 2002, in a randomized design with three replicates. One block was used for successive plant samplings during plant growth cycle, the other for mechanized seed yield determination at harvest. The 15 N isotope dilution technique was used to estimate the contribution of symbiotic N fixation to overall N acquisition by the pea genotypes, with spring barley (Hordeum vulgare L.) as the non-fixing reference crop (Voisin et al., 2002) . The pea and barley plants were grown in six-row plots of 7-m length with 20 cm between rows and 50 cm between plots, at a density of, respectively, 80 and 350 plants m 22 .
Sampling in the field
At five successive dates from the four-leaf stage to physiological maturity, roots and aerial parts of pea genotypes were harvested in the three replicate plots of the block reserved for plant sampling. In each plot and for each sampling date, a new sampling area 80 cm in length was delimited in the four central rows. Within this area, two different root samples of 4 -7 plants each were extracted by the excavation of two different soil blocks whose dimensions were 40 cm depth, 25 cm length and 15 cm breadth. Each excavated block was centred within one of the four central rows of the delimited area. The aerial parts of the plants from each soil block were cut before soil excavation. These plants were used for developmental observation: total number of nodes, node of first flower and number of podded nodes. Vegetative parts were oven-dried for shoot dry matter measurement and further nitrogen content determination. The root systems of the plants from each soil block were placed on a sieve and carefully extracted by hand-crumbling the soil around them. Root systems were then rinsed with water. Successive sieves of 1 . 5-cm and 2-mm mesh size were used to prevent the loss of any fine roots.
All of the remaining plants in the selected area were cut above ground and counted in order to determine plant density. After oven drying at 80 8C for 48 h, shoot dry matter was measured. Nitrogen content measurement and isotopic analyses were conducted later with these dried samples.
Plant measurement procedures
Root system analyses. For the first four sampling dates, i.e. from the four-leaf stage to the beginning of seed filling (BSF), water-washed root samples were placed in plastic bags and stored at 4 8C. Within the following week, two different root samples per genotype and replicate were separately used. The first root sample was used for measuring separately nodules and root characteristics. A sub-sample of 20 nodules was randomly collected from this root sample of 4 -7 plants and weighed. All the nodules remaining on the root systems were then carefully separated from the roots, and the fresh and dry matter weights were determined, as well as the corresponding root dry matter weight after oven drying at 80 8C for 48 h. Two to three representative intact root systems were selected from the second root sample. Each root system was carefully spread out in a transparent tray with a shallow layer of water, adjusted to help untangle the roots and minimize root overlapping. Eight-bit grey-level images of spread root systems were then recorded from above with a camera driven by the software Samba (TITN-Alcatel, Grenoble, France). Total root length and surface area were determined from analysis of the images, using a program developed locally on the software Visilog 5 . 4 (Noesis, France). After image analysis, the intact root systems selected were pooled together with the remaining root systems from the same second root sample, then oven-dried and weighed.
At the last sampling date, i.e. physiological maturity, both root and nodule compartments had begun to decay and the two different root samples were directly used for nodulated root dry matter determination.
Characterization of R. leguminosarum bv. viciae by PCR fingerprinting. At the beginning of flowering, the randomly collected sub-sample of 20 nodules per plot was used for isolation and characterization of the rhizobial populations. The procedure of isolation of R. leguminosarum bv. viciae from nodules was previously described by Vincent (1970) . The isolates were maintained on MGY agar medium (Louvrier et al., 1995) at 4 8C. The isolates were characterized by restriction fragment length polymorphism analysis of PCR-amplified DNA fragments (PCR-RFLP) with restriction enzyme HaeIII as previously described (Laguerre et al., 2003) . The target DNAs were the intergenic spacer regions between 16S and 23S rDNA (IGS) and the nodulation gene region nodD -F.
Shoot nitrogen content and estimation of N remobilized in seeds. Nitrogen content of ground samples was determined by the Kjeldahl procedure. From the four-leaf stage to BSF, ground samples came from whole aerial parts. At physiological maturity, they constituted vegetative parts. At harvest, ground samples of seeds were analysed.
The amount of N remobilized in seeds during seed filling was estimated as the decline in amount of nitrogen accumulated in vegetative aerial parts between BSF and physiological maturity.
Measurement of symbiotic N fixation. The percentage of nitrogen derived from symbiotic fixation (%Ndfa) was determined at BSF and at physiological maturity, using the isotope dilution technique (Mariotti et al., 1983; Duc et al., 1988) N control plant are the isotopic compositions of the legume plant and of the non-fixing control plant, respectively. Comparing an N 2 -fixing legume cultivar with an isogenic non-nodulating line is the best strategy to estimate the percentage of symbiotic fixation, and data obtained using a non-isogenic mutant cannot be used for this estimation (Biedermannova et al., 2002) . As the non-nodulating mutant specific for all the pea cultivars experimented was not available, the spring barley cultivar 'Scarlett' was used, which gave good estimations of %Ndfa in previous field experiments (Voisin et al., 2002) . 1 fix legume is the isotopic enrichment factor of the legume plant for which N 2 fixation is the only N source. According to Mariotti et al. (1980) , the value of 1 fix legume is -1 ‰ for pea. However, considering the large variability between the five pea genotypes studied for their nodulation ability and according to previous studies (Mariotti et al., 1980; Ledgard, 1989) , it was suspected that the value of 1 fix depends both upon the pea genotype and the stage of development. Therefore, a specific greenhouse experiment was conducted in order to determine the 1 fix of each of the five pea genotypes at BSF and at physiological maturity.
Seed yield at harvest
In the reserved block with three replicate plots per pea plant genotype, seeds were mechanically harvested then weighed for seed yield determination, when their water contents were about 14 %, i.e. on 5 July, 2002 for the three earliest genotypes, 'Frisson', P118 and P121 and on 12 July, 2002 for the two remaining cultivars 'Athos' and 'Austin'. The thousand-seed weight of each plot was estimated by weighing two different samples of 250 seeds.
Calculations and statistical analyses
Plant development throughout the growing season in the field experiment was expressed as a function of cumulative degree-days (8Cd) from sowing, using a 0 8C-base temperature (Ney and Turc, 1993) .
Analyses of variance for all the plant characters and for the proportions of rhizobial genotypes (after arcsine transformation) were performed using XLSTAT software (version 7 . 5 . 2, http://www.xlstat.com), testing both genotype and replicate effects. These analyses did not reveal any significant replicate effect (data not shown). Means were classified using the least significant difference (LSD) range test at the 0 . 05 probability level.
RESULTS
Shoot biomass accumulation
There was a general increase in shoot dry matter pattern throughout the growth cycle (Fig. 1A) . After a slow increase from the four-leaf until the ten-leaf stage, a fivefold increase in shoot dry matter was observed for all the five pea genotypes before seed filling followed by a slower increase up to physiological maturity. However, two different groups of genotypes could be distinguished according to their shoot dry matter accumulation during seed filling. For 'Frisson' and the two mutants, the shoot dry matter increased by less than 40 % during seed filling, and the lowest shoot dry matter was recorded for P118. In the second group constituted by 'Athos' and 'Austin', the increase during seed filling was higher than 50 % and 'Athos' clearly had the highest shoot biomass. At physiological maturity, the total shoot dry matter was higher than 1 kg m 22 for 'Athos' and 'Austin', which was significantly different from the values of about 800 g observed for the two mutants and 'Frisson' (Fig. 1A) . The differences in shoot dry biomass between genotypes were not correlated to differences in rate of leaf appearance, as the total number of nodes at physiological maturity was about 19 for 'Frisson' and P118, 17 for P121 and 'Austin', and 16 for 'Athos' (data not shown). Conversely, the total shoot dry matter accumulation at physiological maturity was correlated positively to the root dry matter (r ¼ 0 . 82) and negatively to the nodule dry matter at BSF (r ¼ 20 . 73).
Root growth pattern
The nodulated root dry biomass per plant, which includes both nodule and root biomass, was about 6 g m 22 and similar for all of the five genotypes at the four-leaf stage ( Fig. 2A) . Thereafter, there was a general trend in root biomass pattern across time: root biomass increased from the four-leaf stage up to BSF, and then decreased until physiological maturity when most of the roots were decaying. However, differences in root biomass patterns were observed among the genotypes. 'Austin' displayed the highest increase up to BSF, whereas the nodulated root biomass of the four other lines increased less between the ten-leaf stage and the beginning of flowering (BF). After BF, a major increase in biomass occurred for 'Athos' and the hypernodulating mutants, but not for 'Frisson'. At BSF, 'Austin' displayed the highest biomass incorporation in nodulated roots followed by 'Athos' and the two hypernodulating mutants. 'Frisson' had the lowest value at about 29 g m
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. At the four-leaf stage, the root biomass was similar at about 5 g m 22 for all five genotypes (Fig. 2B) . As already observed for the nodulated root biomass, root biomass continued to rise until BSF for all genotypes except 'Frisson', for which the increase stopped at the beginning of flowering. However, for P121 and especially for P118, root biomass accumulation was different from that of nodulated roots: the increase was less pronounced before the ten-leaf stage. At BSF, the root biomasses of 'Austin' and 'Athos' were 34 and 20 % higher, respectively, than that of the mutants. The tap and total (tap þ primary laterals) root length of 'Athos' greatly increased up to the ten-leaf stage and then rose slowly or stabilized (Fig. 2C, D) , whereas for 'Austin', both parameters increased rapidly up to BSF after a slow increase up to the time of flowering. However, at BSF, both cultivars attained a similar highest value of about 500 m m 22 of total length with 40 cm of tap root length. As seen for 'Athos', the tap root length of the two hypernodulating mutants increased mainly before the ten-leaf stage, and at this stage was significantly longer than for 'Frisson' and 'Austin'. For all other stages, the tap root length was very similar between all genotypes. Regardless of stage, the total root length per plant was significantly reduced for P121 compared with its parental line 'Frisson', while the value was intermediate for P118. Grey-level camera images of spread root systems at the ten-leaf stage showed that 'Athos', 'Austin' and 'Frisson' had longer primary lateral roots than the two mutants P118 and P121 (data not shown). Most of the nodules of 'Athos' and 'Austin' were on the tap root, but there were more secondary lateral roots on 'Athos' than on 'Austin'.
'Frisson' and its mutant P118 had very large numbers of nodules along their primary lateral roots. Conversely, mutant P121 had many secondary lateral roots and most of the nodules were located on the tap root and at the base of the primary lateral roots.
Variation in nodulation and rhizobial population
At the four-leaf stage, 'Frisson', 'Athos' and 'Austin' had about 2000 nodules m
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, whereas mutant P118 had a significantly higher number of 8000 (Fig. 3A) , and mutant P121 had an intermediate value of 5000 nodules m
. Whereas for the two hypernodulating mutants, nodule number continued to rise thereafter exponentially, a linear progression in nodule number was observed for 'Frisson', 'Athos' and 'Austin'. At BSF, P118 and P121 had more than 70 000 nodules m 22 , whereas there were about 20 000 for 'Frisson' and 12 000 for 'Athos' and 'Austin'.
The nodule dry biomass per plant was significantly higher for P118 than for 'Frisson' as early as the four-leaf stage (Fig. 3B) . All the other lines had intermediate values. Nodule dry biomass increased thereafter, and peaked for all five genotypes at around the ten-leaf stage, with significantly higher values for the hypernodulating mutants than for the other genotypes. From this stage up to BSF, total nodule biomass either stabilized (P118, P121, 'Athos' and 'Austin') or slightly increased ('Frisson'). The genetic structure of the nodulating populations associated with the five different pea genotypes was investigated at the beginning of flowering. An average of 52 nodule isolates was characterized for each pea genotype by PCR-RFLP with two molecular markers, the rDNA IGS and the nodD gene regions. Six IGS and six distinct nod haplotypes were identified among a total of 259 isolates with a total of 13 composite genotypes defined by the IGS/ nod type associations. Seven of these 13 genotypes were predominant, comprising more than 5 % of at least one of the five populations associated with the five pea genotypes. The rhizobial genotype frequency varied according to the pea genotype (Table 1 ). The three populations related to 'Frisson' and its mutants could be differentiated from the two populations associated with 'Athos' and 'Austin' by their significantly higher proportion of genotype 6/b, and their smaller proportion of genotype 6/a. However, some differences were observed between the population from P118 and those from 'Frisson' and P121, as the former showed a lower frequency of the genotype 16/c and a preponderance of the genotypes 17/a and 17/b. Similarly, the 'Athos' population differed from the 'Austin' one by a lower proportion of genotype 6/b.
Nitrogen fixation and accumulation
Significant differences for nitrogen accumulation were observed among the five genotypes (Fig. 1B) . However, it was not possible to distinguish the same two groups as for dry matter accumulation. P118 shared with 'Athos' the highest shoot N accumulation from the ten-leaf stage until BSF stage, whereas 'Frisson' and P121 both had the lowest N accumulation and 'Austin' was intermediate. During seed filling, shoot N accumulation in 'Athos' was at the same rate as before seed filling (29 mg m 22 8Cd
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). This rate was reduced for 'Austin', 'Frisson' and P121 from about 27 to 17 mg m 22 8Cd 21 and fell even further for P118, from 30 to 11 mg m 22 8Cd
. Finally, at physiological maturity, shoot nitrogen accumulation was significantly correlated to shoot dry matter accumulation (r ¼ 0 . 96). At the end of its growth cycle, P118 had accumulated no more nitrogen than 'Frisson' or P121 (23 g m 22 ), which was lower than the amount reached by 'Athos' and 'Austin' (32 and 27 g m 22 , respectively). The respective contributions of symbiotic fixation and root N absorption to shoot N accumulation varied during the pea growth cycle and depended upon the pea genotype. The percentage of N derived from symbiosis was higher at BSF than at maturity for all the genotypes except for 'Frisson' (Table 2) . When compared with the other genotypes, 'Frisson' had the highest contribution of symbiotic nitrogen fixation at BSF and especially at maturity, whereas P121 had the lowest values. P118 was intermediate with values slightly higher than for 'Athos' and 'Austin'. However, 'Frisson' accumulated less nitrogen from fixation than did P118 before seed filling, and less than 'Athos' throughout the crop cycle. P121 was always the genotype with the least N accumulation deriving from fixation, Depret et al. (2004) . Means followed by different letters are significantly different based on multiple comparisons (LSD test) at the 5 % probability level.
† The distribution is given for the seven predominant rhizobial genotypes (.5 % in at least one population); the isolates distributed in six other genotypes were pooled. throughout the growth cycle. By contrast, P121 accumulated large amounts of N derived from absorption, although not higher than 'Athos'. At BSF, the shoot N accumulation was significantly correlated with the amount of N derived from fixation, but not with the amount of N derived from absorption (Table 3) . During seed filling, exogenous N supply still depended on N 2 fixation but more on mineral N absorption than at earlier stages (Table 3) . Of the five pea genotypes studied, 'Athos' and P118 were those with the highest N accumulation before seed filling, and also the highest estimated amount of N remobilized in seeds during seed filling, significantly higher than for P121 (Table 2) . 'Austin' and 'Frisson' had remobilized intermediate quantities. There was a significant positive correlation between the estimated amount of apparent N remobilized in seeds during seed filling and shoot N accumulation, especially from N 2 fixation, before seed filling (Table 3) .
The protein content in mature seeds was significantly higher for the two mutants than for their parental line 'Frisson' and the two other cultivars 'Athos' and 'Austin' (Table 4) . Overall, it was observed that the mature seed protein content was highly correlated with the nodule biomass at BSF (Table 5) . Conversely, the seed yield was slightly depressed in P118 and P121 compared with 'Frisson' and significantly lower than for 'Austin' and 'Athos' (Table 4) . Interestingly, seed yield was similar for the two mutants but with different seed components: P118 had a lower seed weight but a similar number of seeds as 'Frisson', whereas the seed number of P121 was lower than for 'Frisson' but its thousand-seed weight was the same (Table 4) . 'Frisson' and its mutants had a N remobilization in seeds (7) (1) Results of LSD-range test are shown where means followed by different letters are significantly different at the 5 % probability level.
significantly lower thousand-seed weight and a significantly higher seed number than the two more recent cultivars 'Athos' and 'Austin'. Finally, seed protein yields were similar for all genotypes except 'Athos', for which it was higher (Table 4) , without any correlation to the nodule biomass at BSF (Table 5) . By contrast, the mature seed protein yield was highly correlated with the total shoot dry matter accumulation and with the total shoot N accumulation (Table 5 ). More precisely, the final seed protein yield was significantly correlated to the exogenous N accumulation during seed filling but not to the N remobilization from vegetative tissues during the same period or to the N accumulation before seed filling (Table 5) .
DISCUSSION
Genetic variability of pea root and nodule establishment was observed under field conditions
The hypernodulating mutants P118 and P121 had significantly higher nodule dry matter and number than their isogenic parent line 'Frisson', as early as at the four-or ten-leaf stage of development. Thereafter, their exponential increase of nodule number up to BSF suggests a major defect in the autoregulation of nodulation. Moreover, shoot biomass production of these two mutants was not reduced as compared with 'Frisson', although in other hypernodulating mutants shoot dry matter accumulation was reduced more than two-fold (Sagan et al., 1993; Salon et al., 2001) .
The maximum root biomass of 'Austin' was high compared with that previously observed for other cultivars in the literature. At BSF, the peak root biomass of 'Austin' was about 52 g m
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, and only 38 g m 22 for cultivar 'Baccara' (Voisin et al., 2002) , whereas both cultivars produced similar quantities of shoot dry matter (800 g m
). The higher dry weight but mid-range root length of 'Austin', in comparison with 'Athos', could be explained by its thicker roots. The root biomass greatly increased up to BSF for all genotypes except 'Frisson'. 'Frisson' showed intermediate values of root biomass up to flowering, but it had the lowest biomass at BSF. This change of ranking between genotypes depending on the growth stage is in agreement with Veitenheimer and Gritton (1984) and emphasized the importance of dynamics studies of nodulated root establishment.
For all five genotypes, nodule biomass peaked at the ten-leaf stage, in agreement with Pate (1958) who found the maximum around the eight-leaf stage in two different varieties. The subsequent decrease in nodule biomass and accompanying increase in root biomass observed for all the genotypes except 'Frisson' might indicate that roots are less affected than nodules by the decreasing C availability during the reproductive stages, in agreement with Tricot et al. (1994 Tricot et al. ( , 1997 . For 'Athos' and 'Austin', the nodule biomass proportion of the nodulated root biomass decreased linearly from about 16 % at the four-leaf stage to 5 % at BSF. 'Frisson' contrasted with the other genotypes by its stability in the proportion of nodule biomass across the growth cycle (10 -13 %). The mutants had the highest proportion of nodule biomass out of the entire root system: at least 28 % for P118 and 13 % for P121 throughout the growth cycle with a maximum at the ten-leaf stage (44 % for P118 and 27 % for P121). Thus, for the hypernodulating mutants, especially during the vegetative period, the nodules made the highest C demand, in line with Voisin et al. (2003b) who showed that the C sink strength of nodules increased with their biomass. For these genotypes, nodule growth probably occurred at the expense of root growth.
The hypernodulating mutants accumulated less nitrogen in seeds than genotypes with higher root development
The mature seed protein yield was highly correlated with the total shoot N accumulation, which was not increased in the hypernodulating mutants compared with 'Frisson'. At physiological maturity, the mutants and 'Frisson' have both accumulated the same amount of nitrogen, which was lower than the amount reached by 'Athos' and 'Austin'. Before seed filling, the contribution of symbiotic fixation to N accumulation was predominant for all five genotypes, and hypernodulating mutants, especially P121, had not incorporated more N by fixation than 'Frisson'. These genotypes with numerous nodules finally acquired less shoot dry matter and nitrogen than the genotypes with higher root development. This could be explained by the increased C cost of symbiotic fixation compared with mineral N acquisition by roots, as demonstrated by Voisin et al. (2003c) , or by a huge proportion of ineffective nodules. Finally, the genotypes with a higher root development at BSF had a higher mature seed protein yield than the hypernodulating mutants. Moreover, the final seed protein yield depended more upon exogenous N accumulation during seed filling than upon N remobilization from vegetative tissues during the same period. Such results demonstrate that enhancing exogenous nitrogen supply at the end of the growth cycle, by increasing the potential for root N absorption, is a promising way of improving pea seed filling. Therefore, root studies should not be limited to early vegetative stages but be more focused on the late stages of growth. Among the two genotypes with high root biomass, 'Athos' seems to offer the most potential because of its higher shoot N absorption, which may be explained by a greater ability to develop numerous secondary lateral roots.
Host preference for particular rhizobial genotypes may contribute to variability in N acquisition
The genetic background of the host plant influenced the composition of the R. leguminosarum bv. viciae populations in nodules. 'Athos' and 'Austin' formed nodules with quite similar populations, except for the proportion of genotype 6/b. Both cultivars have been obtained recently by the same breeder and share a common ancestor (C. Duchêne, pers. comm.), which could explain the similarities between them and the differences with the old and no longer used cultivar 'Frisson'. However, the sym29 mutation (P118) influenced the selection of rhizobial genotypes by comparison with its isogenic parent line, while the nod3 mutation did not (P121). Although no significant differences in nodule number between the two hypernodulating mutants were observed from the ten-leaf stage up to BSF, nodule dry matter in P118 was two-fold higher than in P121, which may reflect a more efficient symbiotic nitrogen fixation in the sym29 mutant than in the nod3 one. Moreover, P121 developed more secondary thin lateral roots than P118, which might permit more N absorption. This contrasted biomass repartition between roots and nodules for the two mutants could indicate different regulation and nodule by root interactions between SYM29 and NOD3 genes. Indeed, in nod3 mutant lines, roots have been identified as the main source of the systemic signal involved in regulation of nodule number (Postma et al., 1988) , whereas hypernodulation phenotype of sym29 mutant lines is under shoot control (Sagan and Duc, 1996) . SYM29 is the pea orthologue of the HAR1 gene, which is a putative receptor kinase required in Lotus japonicus for shoot-controlled regulation of both nodule organogenesis and root development (Krusell et al., 2002) .
Differences or variations in plant physiology, and in root and nodule morphogenesis between pea genotypes, may result in variation in root exudation, or more specifically, in a non-nutritional way, in variation of signal exchange between the bacterial and plant partners. It has in fact been reported that rhizosphere microbial community structure varies in relation to root location, and that such variation is related to quantitative and qualitative changes in root exudation (Baudoin et al., 2001; Yang and Crowley, 2000) . Such changes in plant metabolism may lead to differential efficiency of interaction with rhizobial genotypes, and the rhizobial genotype may consequently influence root and nodule physiology, and N 2 fixation efficiency. In alfalfa lines selected for high levels of nitrogen fixation, Hardarson et al. (1982) reported a preference for efficient strains of indigenous rhizobia. In the present study, 'Athos' accumulated more N derived from fixation than the other genotypes. It was also observed that 'Athos' did not show affinity for rhizobial genotype 6/b, whereas it was among the most frequent in the nodules formed with the other pea genotypes. Interestingly, strains with genotype 6/b were found to be among the least effective in nitrogen fixation when compared with a diversity of rhizobial genotypes tested with 'Frisson' and 'Austin' (G. Laguerre and G. Depret, unpubl. data) .
CONCLUSIONS
The present study confirms nitrogen accumulation as a key determinant of seed protein yield, and underlines its dependency on shoot dry matter acquisition. The two hypernodulating mutants did not accumulate more nitrogen than their near-isogenic parental line, probably because the C cost for nodule over-production was higher than for root development and functioning, and occurred at the expense of shoot proliferation. However, P118 has more potential than P121 as its N 2 fixation was higher before seed filling. 'Athos', with a higher root development than P118, acquired more shoot dry matter and nitrogen during seed filling. An improvement in nitrogen nutrition could be obtained by combining the 'beneficial effects' of both the sym29 line and 'Athos'. The marker-assisted construction of a sym29 isogenic line of 'Athos' now in progress will be of great interest to analyse more precisely the relationships between hypernodulation and prolific root development, and their synergistic effects on nitrogen nutrition. Moreover, quantitative trait locus analyses are ongoing in different populations of recombinant inbred line populations to obtain a better understanding of genetic relationships between nodulated root establishment and nitrogen acquisition. The consequence of the rhizobial genetic diversity observed among the cultivars on the efficiency of nitrogen-fixing symbiosis will be evaluated. Investigations on the ability of pea lines to select the most effective rhizobial strains are in progress.
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